Barley stripe mosaic virus (BSMV) encodes three movement proteins in an overlapping triple gene block (TGB), but little is known about the physical interactions of these proteins. We have characterized a ribonucleoprotein (RNP) complex consisting of the TGB1 protein and plus-sense BSMV RNAs from infected barley plants and have identified TGB1 complexes in planta and in vitro. Homologous TGB1 binding was disrupted by site-specific mutations in each of the first two N-terminal helicase motifs but not by mutations in two C-terminal helicase motifs. The TGB2 and TGB3 proteins were not detected in the RNP, but affinity chromatography and yeast two-hybrid experiments demonstrated that TGB1 binds to TGB3 and that TGB2 and TGB3 form heterologous interactions. These interactions required the TGB2 glycine 40 and the TGB3 isoleucine 108 residues, and BSMV mutants containing these amino acid substitution were unable to move from cell to cell. Infectivity experiments indicated that TGB1 separated on a different genomic RNA from TGB2 and TGB3 could function in limited cell-to-cell movement but that the rates of movement depended on the levels of expression of the proteins and the contexts in which they are expressed. Moreover, elevated expression of the wild-type TGB3 protein interfered with cell-to-cell movement but movement was not affected by the similar expression of a TGB3 mutant that fails to interact with TGB2. These experiments suggest that BSMV movement requires physical interactions of TGB2 and TGB3 and that substantial deviation from the TGB protein ratios expressed by the wild-type virus compromises movement.
For a virus to successfully invade a plant and cause disease, it must have the ability to move from cell to cell, establish localized infection foci, enter and exit the vascular system, and develop systemic infections. To accomplish these activities, plant viruses encode one or more movement proteins (MPs) that facilitate cell-to-cell movement and vascular transport. These proteins generally localize at plasmodesmata (PD) and increase the permeability of the PD sufficiently to permit the movement of macromolecules through the desmotubule (25, 38) . Many MPs have RNA binding activities, and some act in concert with other virus-encoded proteins to facilitate virus movement and other activities such as RNA unwinding (18) or suppression of gene silencing (1, 24) . Several general classes of viral MPs are known to exist, and these proteins provide tools for investigating a wide range of host-virus interactions and cellular functions (25, 26) .
The most extensively investigated MPs are members of the 30K superfamily that are encoded by a large number of RNA and DNA viruses with different genome organizations (27) . Over the past 15 years, studies of the processes carried out by proteins of the 30K movement family have provided great insight into the requirements for local and long-distance transport of Tobacco mosaic virus and a number of other viruses (4, 15, 25, 38) . The triple gene block (TGB) superfamily represents another major class of MPs encoded by taxonomically diverse RNA viruses (29) . In this superfamily, the three genes required for movement are organized into overlapping open reading frames (ORFs) and function in concert to mediate virus movement. Numerous studies have shown that the molecular properties of the TGB proteins and the 30K MPs are quite distinct, and sequence analyses suggest that they have undergone convergent evolution (27, 29, 39) .
The TGB superfamily can be subdivided into two major classes that have substantial differences in structure and in the requirement of the coat protein (CP) for cell-to-cell and vascular movement (29) . Class I, or hordeivirus-like, TGB proteins are encoded by tubular viruses consisting of the Benyvirus, Hordeivirus, Pecluvirus, and Pomovirus genera, in which the CP is dispensable for cell-to-cell movement (4, 29, 31) . Class II, or potexvirus-like, MPs are represented by flexuous viruses that have been classified into the Allexivirus, Carlavirus, Foveavirus, and Potexvirus genera, which require the CP for movement (8, 19, 35, 36, 37) . Studies focusing on the hordeiviruses, primarily Barley stripe mosaic virus (BSMV) and Poa semilatent virus (PSLV), and the potexvirus Potato virus X (PVX) have clearly shown that the TGB movement strategy requires the coordinated activities of each of the TGB proteins (6, 22, 36) and that their levels of expression are mediated by transcription and translation from two subgenomic RNAs (sgRNAs) (17, 35, 41) . However, only limited evidence is available about the physical interactions of the TGB proteins or the importance of these interactions in movement. Therefore, more detailed analyses of the associations and biochemical functions of the TGB proteins are required to provide a refined understanding of the mechanisms whereby their movement processes are mediated.
Brakke et al. (7) have isolated a ribonucleoprotein (RNP) complex from BSMV-infected barley plants that contains a protein similar in size to the TGB1 protein. Although these experiments were conducted with wild-type (WT) virus, the ability of BSMV CP-deficient mutants to establish systemic infections provides strong evidence that virus movement occurs via an RNP complex (30) . However, biochemical analyses of the RNP complex have not been conducted, so possible interactions of the TGB1 protein with viral RNAs or other TGB proteins are not understood. It is known however, that BSMV and the related hordeivirus PSLV TGB1 proteins are able to bind both single-stranded RNA and double-stranded RNA (dsRNA) with high affinity in vitro (10, 23) . In addition, the BSMV TGB2 and TGB3 proteins are required for cell-tocell movement (21, 30) but their presence in the RNP has not been investigated, nor are their interactions with TGB1 understood. Thus, several intriguing questions regarding the possible binding interactions of TGB proteins and the nature of the viral RNAs associated with RNP complexes need to be answered to understand the movement mechanisms of BSMV and other hordeiviruses. Therefore, we have characterized the BSMV TGB interactions in more detail and have analyzed the physical associations of the TGB proteins and the cis and trans expression requirements for cell-to-cell movement.
MATERIALS AND METHODS
In vitro transcription reactions and plant inoculations. Infectious BSMV ND18 RNA transcripts were generated from linearized cDNA templates by using T7 RNA polymerase as previously described by Petty et al. (33) . The transcribed RNAs were diluted in GKP buffer (50 mM glycine, 30 mM KHPO 4 , pH 9.2, 1% bentonite, 1% Celite) and used to inoculate barley (Hordeum vulgare cv. Black Hulless), Nicotiana benthamiana, and Chenopodium amaranticolor (33) .
Isolation of an RNP complex from infected barley. The initial RNP complex isolation and sucrose density gradient procedures were modified from those described by Brakke et al. (7) . For this purpose, ND18 RNA␣ and -␥ were coinoculated to Black Hulless barley along with RNA␤(␤8his6) containing mutations that eliminate CP expression and incorporate a six-residue histidine tag fused to the N terminus of TGB1 (10) . Systemically infected leaf tissue (ϳ400 mg) was harvested at 6 days postinoculation (dpi) and ground in 2 ml of isolation buffer (200 mM Tris, 60 mM KCl, 30 mM MgCl 2 , 200 mM sucrose, 5 mM iodoacetamide, pH 8.5) at 4°C, followed by addition of 2 ml of isolation buffer containing 4% (vol/vol) Triton X-100. The crude extracts were centrifuged at 10,000 rpm for 10 min at 4°C. In experiments to examine the stability of the RNP complex, extracts were modified to achieve final concentrations of 100 mM NaCl, 300 mM NaCl, 500 mM NaCl, 25 mM EDTA, 50 mM EDTA, and 1% (wt/vol) sodium dodecyl sulfate (SDS). Upon addition of 100 to 500 mM NaCl, KCl was omitted from the buffer, and upon addition of 25 to 50 mM EDTA, MgCl 2 was omitted. The supernatants were recovered; loaded onto a sucrose gradient formed by layering 4, 8, 8, 8 , and 5 ml of 15, 20, 30, 40 , and 50% (wt/vol) sucrose in gradient buffer (50 mM glycine, 20 mM KCl, 5 mM MgCl 2 , pH 8.5); and centrifuged at 26,000 rpm in a Beckman SW28 rotor for 5 h at 4°C. After centrifugation, the gradients were fractionated into 1.2-ml fractions with an ISCO (Instrumentation Specialties, Lincoln, NE) density gradient fractionator equipped with a UA5 UV monitor. A 100-l aliquot was removed from each fraction for further analyses, and fractions 15 to 18, which contained high levels of the TGB1 protein, were pooled to give a total volume of approximately 4.5 ml. The pooled fractions were diluted with 20 ml of buffer A (200 mM Tris, 60 mM KCl, 30 mM MgCl 2 , 0.1% [vol/vol] Triton X-100, pH 8.5) and applied to a 1-ml Ni-nitrilotriacetic acid agarose affinity column (Qiagen, Valencia, CA) equilibrated in buffer B (buffer A containing 200 mM sucrose). The column was washed with 20 ml of buffer B, followed by 10 ml of buffer B containing 40 mM imidazole. Proteins were eluted from the column with 10 ml of buffer B containing 150 mM imidazole. After ethanol precipitation, gradient and column fractions were analyzed for protein and RNA composition.
The precipitated samples were resuspended in AAE buffer [110 mM (NH 4 ) 2 CO 3 , 330 mM NH 4 Cl, 11 mM EDTA, pH 9.3] containing 1% (wt/vol) SDS or protein extraction buffer (400 mM sucrose, 100 mM Tris, 10 mM KCl, 5 mM MgCl 2 , 10% glycerol, 10 mM ␤-mercaptoethanol, 1 mM benzamidine, 1 mM phenylmethylsulfonyl fluoride, pH 7.5) (11) to analyze RNA or protein content, respectively. After gel electrophoresis RNAs were examined by Northern blot analysis as described previously (41) and protein composition was evaluated by silver staining or Western blot analysis (11) .
BSMV cDNA constructs. The TGB1, TGB2, and TGB3 sequences were amplified from the BSMV ␤42SpI cDNA clone (32) with the primers shown in Table 1 , and mutant derivatives of TGB2 and TGB3 were generated by a modified overlap extension PCR method (40) . In order to introduce the TGB2 and TGB3 mutant sequences into a modified RNA␤ cDNA clone, ␤42SpI was digested with NcoI after the TGB1 promoter at position 802 (17) and PflMI at position 3041, and the mutant TGB sequences were ligated into these sites.
Chemical cross-linking. Cross-linking experiments with a tripeptide, GlyGlyHis (GGH), were modified from those of Fancy et al. (12) as described by Bragg and Jackson (5) . BSMV-infected barley leaves (0.5 g) were extracted at 7 dpi by grinding in a mortar and pestle with cold nickel column buffer (100 mM Tris, pH 8.0, 200 mM NaCl, 30 mM MgCl 2 , 0.1% Triton X-100) containing a cocktail of proteinase inhibitors (1 g/ml each leupeptin, pepstatin, and aprotinin plus 50 M phenylmethylsulfonyl fluoride) that had been added immediately before grinding. Tissue preparation, cross-linking reactions, and polyacrylamide gel electrophoresis (PAGE) were conducted after boiling in urea loading buffer (8 M urea, 20% glycerol, 6% ␤-mercaptoethanol, 100 mM Tris-HCl, pH 6.8) to dissociate nonspecific protein aggregates (5) .
Affinity chromatography of TGB proteins. Glutathione S-transferase (GST) affinity assays were used to analyze physical interactions between the TGB proteins. For these assays, the TGB1 and TGB3 ORFs were amplified in PCRs and ligated in frame to the C terminus of the GST ORF at the BamHI and EcoRI restriction sites in plasmid pGEX-2T (Amersham, Piscataway, NJ) as described previously (13) . GST-TGB1 and GST-TGB3 fusions were amplified and cloned into the SmaI and EcoRI sites of the pBEVY:GL vector (28) to yield the pBEVY:GL:GST-TGB1 and pBEVY:GL:GST-TGB3 plasmids. In other constructions, the TGB1 and TGB3 ORFs were amplified with primers designed to introduce 5Ј BamHI and 3Ј XbaI sites ( Table 1 ). The TGB2 gene was amplified with primers designed to introduce a 5Ј BamHI site followed by a His tag as a fusion to the TGB2 protein and a 3Ј XbaI site (Table 1) . These products were then introduced into the corresponding sites of the pBEVYGT or pBEVYGU vector to yield plasmids pBEVYGT-TGB1, pBEVYGT:HisTGB2, and pBEVYGU: TGB3, respectively ( Table 1) . The TGB1 helicase mutants M2 (K259R), M3 (D339N, E340N), M5 (R368A), and M7 (E464A) were amplified by PCR with the primers listed in Table 1 , and the products were cloned into the pCR BluntII TOPO vector. TGB1 mutant sequences were excised with BamHI (M2 and M3-one BamHI site was provided by the Topo vector) or with BamHI and XbaI (M5 and M7) and introduced into the corresponding sites of the pBEVYGT vector to yield pBEVYGT:M2, pBEVYGT:M3, pBEVYGT:M5, and pBEVYGT:M7.
For coexpression of the GST-TGB fusion proteins with unfused TGB proteins, yeast strain BJ2407 was transformed with pBEVY constructs (28) . Yeast transformants were grown overnight in 2 ml of synthetic dropout (SD) glucose medium (0.67% Bacto-yeast nitrogen base minus amino acids plus 2% glucose), diluted in 20 ml of SD-galactose (0.67% Bacto-yeast nitrogen base minus amino acids, plus 2% galactose), and then grown for 36 h at 28°C. Cells were harvested by low speed centrifugation and disrupted by vortexing in yeast lysis buffer (0.3 M sorbitol, 0.1 M NaCl, 5 mM MgCl 2 , 10 mM Tris-HCl, pH 7.4, 1 mM phenylmethylsulfonyl fluoride, 1 g of antipain/ml, 1 g of leupeptin/ml) in the presence of glass beads. The GST fusions and bound TGB proteins were purified by glutathione-Sepharose affinity chromatography (Pharmacia, Uppsala, Sweden) by elution with glutathione according to the manufacturer's instructions.
Yeast two-hybrid assays. Yeast two-hybrid vectors (16) were designed to produce a fusion of either the Gal4 activation domain (AD) or the Gal4 binding domain (BD) to the N terminus of the TGB protein to be tested for interactions. To construct fusions to the AD (pGADTGB2, pGADTGB3) or the BD (pGBDUTGB2, pGBDUTGB3), TGB sequences were amplified with the primers shown in Table 1 . The TGB2 PCR products were introduced into the BamHI and PstI sites of pGBDU, and the TGB3 PCR products were inserted into the BamHI and PstI sites of plasmid pGAD (Table 1) .
Deletion and site-specific mutant forms of TGB2 were generated by PCR with the primers in Table 1 , and the resulting fragments were ligated into the BamHI and PstI sites of the pGBDU vector. The pGBDU:TGB2 , pGBDU:TGB2 , and pGBDU:TGB2 clones lack the C-terminal 9, 16, and 41 amino acids, and the The glycine 40 and aspartic acid 41 residues were changed to arginine to construct the pGBDU:TGB2 G40R,D41R derivative. In the pGBDU:TGB2 G40R mutant, glycine 40 was changed to arginine, and in pGBDU:TGB2 D41R , aspartic acid 41 was changed to arginine. The pGBDU:TGB2 G49R,D50R derivative contains arginine substitutions for the glycine 49 and aspartic acid 50 residues. Additional mutations were incorporated into TGB3 by PCR with the primers listed in Table 1 , and the resulting fragments were ligated into the BamHI and PstI sites of the pGAD vector. The pGAD:TGB3 1-150 and pGAD:TGB3 clones lack the C-terminal 5 and 66 amino acids. The pGAD:TGB3 clone has a deletion of the N-terminal 15 amino acids, and the pGAD:TGB3 derivative lacks the N-terminal 15 and C-terminal 5 residues. Overlap PCR was used to introduce the following site-specific mutations. The pGAD: TGB3 Q90Y,D91R,L92Y,N93R mutant has tyrosine substitutions for the glutamine 90 and leucine 92 residues and arginine substitutions for the aspartic acid 91 and asparagine 93 residues. Proline 105 and isoleucine 108 were changed to arginine in the pGAD:TGB3 P105R,I108R derivative. These mutations were also individually introduced into the pGAD:TGB3 P105R and pGAD:TGB3 I108R clones. The pGAD:TGB3 Q115Y,P118R,G120R mutant has a tyrosine substitution for glutamine 115 and arginines for proline 118 and glycine 120. The pGAD:TGB3 H5L,C11Y clone contains a leucine substitution for histidine 5 and a tyrosine for cysteine 11, and the pGAD:TGB3 H5L,C9Y,C11Y mutant contains an additional tyrosine substitution for cysteine 9.
Yeast strain PJ69-4A was transformed with LEU2-selected AD and URA3-selected BD constructs as previously described (2) . To select for transformants containing the AD and BD plasmids, yeast cells were plated on SD-glucose medium containing 20 mg/liter Ade, His, Met, and Trp and 30 mg/liter Lys and grown for 3 days at 28°C. Yeast colonies were tested for interactions by expression of the reporter genes ADE2 and HIS3 after being streaked onto SD-glucose medium containing 20 mg/liter Met and Trp and 30 mg/liter Lys and growing for 3 to 5 days at 28°C or at room temperature.
Western blot detection of GST fusion and six-His-tagged proteins. Green fluorescent protein (GFP) fusion proteins and His-tagged proteins were extracted from leaf samples and detected via Western blotting. GST fusion proteins (GST-TGB1, GST-TGB3, and GST), TGB1, and His-TGB2 were extracted from yeast as described by Goodin et al. (13) . Leaves from C. amaranticolor and barley plants inoculated with infectious BSMV transcripts were analyzed at 10 dpi. Protein samples were mixed in equal volumes of Laemmli loading buffer (100 mM Tris-Cl, pH 6.8, 4% SDS, 0.2% bromophenol blue, 20% glycerol, 200 mM ␤-mercaptoethanol), heated to 95°C for 10 min, and separated by 8 or 10% SDS-PAGE. After transfer to nitrocellulose membranes, proteins were detected as appropriate, with a polyclonal mouse TGB1 antibody used in our previous studies (10) , an anti-GST polyclonal antibody (Sigma, St. Louis, MO), an H15 His-probe polyclonal antibody (Santa Cruz Biotechnology, Santa Cruz, CA), and goat anti-rabbit or anti-mouse horseradish peroxidase conjugate, as appropriate.
Reverse transcription (RT)-PCR analyses.
To detect BSMV RNA derivatives, total RNA was extracted from 100 mg of finely powdered tissue with the Qiagen RNeasy Plant Mini Kit, and DNA was removed by on-column DNase digestion according to the manufacturer's specifications (Qiagen, Carlsbad, CA). Total RNA (2 g) was used for reverse transcription with the BSMV3Ј primer (5ЈTG CAAACACTCCCATCATATG 3Ј), and PCR amplifications (50-s extension, 35 cycles) were performed with the CP5Ј (5Ј TTGGATCCATGCCGAACGTTTC TTTGAC 3Ј) and TGB3Ј (5Ј CCTTTTTGAAGAAAGTAAGAG 3Ј) or CP5Ј and CP3Ј (5Ј ACCTGCAGTCACGCTTCCTCGGCATC 3Ј) oligomers.
RNA␤ cis and trans expression constructs. The ␤ T1ssmut derivative is a combination of the ␤Cla and ␤⌬3.1 clones previously described by Petty et al. (31) . The ␤Cla mutant contains site-specific mutations in the TGB2 ORF (residues 11 and 12 were changed from KY to NR), and the ␤⌬3.1 clone introduces a premature stop codon in the TGB3 ORF that truncates the protein at amino acid 72. The ␤ T1⌬2,3 derivative was previously described as ␤⌬34.1 (31) . In this construct, the overlapping TGB2/3 ORFs were deleted completely. Two constructs were also designed to permit cis expression of the TGB2 and TGB3 proteins. The ␤ T2,3L construct was previously described as ␤⌬2.0 (31) and contains a 572-nucleotide (nt) deletion (from the NcoI site, which overlaps the TGB1 start site, to the SalI site) to eliminate expression of the TGB1 ORF. In this derivative, the normally low-abundance TGB2 and -3 genes remain under the control of the sgRNA␤2 promoter (17) . The ␤ T2,3H derivative mediates the expression of TGB2 and TGB3 in cis under the control of the sgRNA␤1 promoter. To generate ␤ T2,3H , the three TGB ORFs were removed by a deletion from the NcoI site to the PflMI site that encompasses positions 802 to 3041. The overlapping TGB2 and -3 ORFs were then amplified by PCR (Table 1 ) and inserted at the NcoI and PflMI sites. For derivatives modified for expression of the TGB2 and -3 proteins in trans, mutants ␤ T2 , ␤ T3 , and ␤ T3mut (which contains site-specific P105R and I108R mutations in TGB3) were constructed similarly to the ␤ T2,3H clone by placing the PCR-amplified TGB2 or TGB3 ORF (Table 1) under the control of the sgRNA␤1 promoter at the NcoI site.
RESULTS

TGB1 and BSMV plus-sense RNAs are the major components of an RNP complex present in BSMV-infected barley.
BSMV and other viruses expressing hordeivirus-like (class I) TGB MPs have been postulated to move from cell to cell as RNP complexes consisting of viral RNA and one or more of the TGB proteins (29, 30) . This hypothesis was supported by the experiments of Brakke et al. (7), who previously detected an RNP in infected plants that contained BSMV RNA and a virus-specific 60-kDA protein, which we presume to be the TGB1 protein. However, the purity of the complex was compromised by the presence of virions and by host components. Thus, a number of questions exist about the viral and host proteins associated with the complex and the nature of the encapsidated RNAs. Therefore, we constructed a BSMV mutant derivative that is unable to express the CP and encodes an N-terminally His-tagged TGB1 protein (Fig. 1A) . This provides a system that permits extensive purification of a CPdeficient RNP by a two-step procedure involving sucrose density gradient fractionation and affinity chromatography.
To isolate the RNP, barley was coinoculated with the ␣ and ␥ RNAs along with the RNA␤ B7.␤8 derivative (TGB1 wt ), which encodes the WTTGB1 protein, or the B7.␤8His6 derivative (TGB1 His ), which expresses a TGB1 protein containing an N-terminal six-His tag (Fig. 1A) to permit Ni 2ϩ affinity chromatography (10) . Both mutant viruses are deficient in CP production, and hence, neither derivative can form virions (31) . The mutants were able to establish systemic infections, and inoculated plants exhibited acute mosaic symptoms by 4 to 5 dpi. By 7 dpi, the systemically infected leaves developed severe striping and mild necrosis (data not shown). For RNP purification, systemically infected leaves were extracted at 6 dpi, when high levels of TGB1 were present in the tissue (11) . Sucrose density gradient fractionation revealed a heterodisperse sedimenting component consisting of a major peak with a pronounced slowly sedimenting shoulder in plants infected with both the TGB1 wt and TGB1 His mutant viruses (Fig. 1B) , but this component was not present in uninfected plants (data not shown). Western blot analyses of sucrose gradient fractions loaded with extracts from infected plants revealed that the TGB1 proteins were present at the highest levels in fractions 15 to 18 (Fig. 1C) . When antiserum raised against a penta-His peptide was used to analyze extracts of TGB1 His virus-infected plants, the same pattern was observed but the signal was not present in extracts from plants containing the TGB1 wt protein (data not shown).
Sedimentation of viral RNAs across the gradients was evaluated by hybridization to a 32 P-labeled riboprobe complementary to the conserved 238-nt 3Ј-terminal region of each of the BSMV genomic RNAs (gRNAs) and sgRNAs. These dot blot analyses revealed that the greatest amounts of viral RNAs cosedimented with the TGB1 proteins (Fig. 1D) . Therefore, pooled fractions 15 to 18, containing the maximal amounts of TGB1 wt or TGB1 His , were subjected to Ni 2ϩ affinity chromatography and the proteins eluting from the column were assessed by cross-reactivity with antiserum raised to TGB1 ( Fig.  2A) or the penta-His peptide (data not shown). As expected, the TGB1 His protein was retained on the column, whereas the TGB1 wt protein failed to bind to the Ni affinity matrix ( Fig.  2A) . Dot blot hybridization of the column eluates with the BSMV 3Ј-specific probes revealed that BSMV RNAs were present only in TGB1 His fractions (Fig. 2B) . These results indicate that the affinity fractionation was specific for the TGB1 His protein and suggest that BSMV RNAs are associated with TGB1.
We have previously shown that the TGB1 protein has a strong binding affinity for dsRNAs (10) , raising the possibility that the RNP might contain replicative intermediates. To test this hypothesis, RNA associated with the RNP was subjected to Northern blot analyses with probes designed to detect the 238-nt conserved region of the BSMV RNAs in either the positive-sense or the negative-sense orientation. The results shown in Fig. 2C clearly demonstrate that the RNP contains only positive-sense RNAs with sizes corresponding to the BSMV gRNAs and sgRNAs. The presence of both gRNAs and sgRNAs suggests that a common RNA sequence, possibly the 3Ј tRNA-like structure, may be involved in TGB1 interactions needed for the formation of the RNP in vivo. Moreover, the distinct shoulder consistently appearing in the RNP complex sedimentation profiles (Fig. 1B) suggests that the complexes are heterogeneous, so we presume that the gRNAs and sgRNAs are individually encapsidated by TGB1 to form separate nucleocapsids.
To further investigate the composition of the isolated RNP, proteins were resolved by SDS-PAGE and analyzed for additional host-and virus-encoded proteins by silver staining or Western blot analyses. Silver staining revealed a major protein corresponding in size to the TGB1 protein, and Western blot analyses verified that this band contained TGB1 (Fig. 2D) . A few minor high-molecular-weight bands (Ͼ200 kDa) were also present near the top of the silver-stained gel, but these com- ponents are several times larger than TGB1. In addition, examination of more rapidly migrating components indicated that the TGB2 and TGB3 proteins were not present in detectable amounts. Western blot analyses with antisera raised to TGB2 and other virus-encoded proteins, ␣a, TGB2, ␥a, or ␥b, failed to reveal additional BSMV-encoded proteins (data not shown). Thus, our results, in toto, indicate that the RNP consists primarily of TGB1 protein bound to positive-sense BSMV gRNA and sgRNA and does not contain minus-sense BSMV RNAs, dsRNAs, or substantial amounts of host-encoded proteins.
With in vitro RNA binding assays, we previously found that TGB1 bound to RNA at NaCl concentrations below 300 mM, but binding was not observed in 400 and 500 mM NaCl (10) . To determine whether the nucleoprotein complexes were salt stable and hence similar to our previous in vitro binding results, we investigated the stability of the in vivo-formed TGB1/ RNA complex by extraction in buffers that contained either 100 or 500 mM NaCl. The extracts were then subjected to sucrose density gradient centrifugation, and the sedimentation of the TGB1 protein into the gradients was evaluated by Western blot analyses. At 100 mM NaCl, the maximal concentrations of TGB1 were found in fractions 9 to 17, while at 500 mM NaCl, TGB1 was found at maximal levels in fractions 3 to 9 (Fig. 2E) . The shift of the TGB1 protein to a higher position in the gradient after high-salt treatment indicates that the nucleoprotein from infected tissue is stable within the range of physiological NaCl levels but is disrupted at higher salt concentrations. A smaller shift in sedimentation was observed when EDTA was added to the protein extraction buffer, suggesting that divalent metal interactions may be important for the stability of the complexes. In these samples, the peak shifted from fractions 13 to 17 in the absence of EDTA to fractions 7 to 15 in the presence of 50 mM EDTA (Fig. 2F) . In contrast, TGB1 remained at the top of the gradient when 1% SDS was added to the extraction buffers, indicating that detergent treatment completely disrupts the RNP (data not shown).
TGB1 participates in homologous binding interactions. The presence of a TGB1 RNP in infected plants suggests strongly that TGB1 engages in homologous interactions and that such interactions are required for cell-to-cell movement. To identify TGB1 interactions that might be present in infected plants, chemical cross-linking experiments were conducted. For these experiments, a diffusible GGH tripeptide cross-linking agent was used that results in covalent coupling of closely associated proteins after addition of nickel and a peracid catalyst (12) . In the results shown in Fig. 3 , BSMV-infected barley extracts were recovered and not treated; treated with Ni 2ϩ , the peracid, and the cross-linking agent; or exposed to Ni 2ϩ and the catalyst alone. In the untreated extracts (left lane) and in extracts containing Ni 2ϩ and the catalyst alone (right lane), the TGB1 protein was present only as the monomer form in the SDS gels (Fig. 3) . However, the TGB1 protein was converted to a highmolecular-weight complex that moved near the top of the gels after the addition of Ni 2ϩ and the GGH cross-linker (Fig. 3 , center lane). Although our cross-linking results indicate that TGB1 forms complexes in infected cells, the nature of these complexes is not clear and it is possible that several different types of virus-and/or host-specific interactions exist.
A series of gel electrophoresis experiments by Leshchiner et al. (23) have previously suggested that the PSLV TGB1 helicase region might be important for homologous TGB1 interactions. Although the full-length 63-kDA PSLV TGB1 protein appeared to have relatively weak homologous interactions, strong interactions were observed for a 113-amino-acid TGB1 fragment that contained only helicase motifs 1, 1a, and 2 (23).
Of particular interest was the unusual resistance of the truncation mutants to SDS, which we have previously shown to be a nonspecific aggregation hallmark of other BSMV proteins (5). Therefore, because site-specific mutations within the helicase motifs were not tested in the experiments of Leshchiner et al., a bona fide contribution of the helicase sequence to the formation of putative TGB1 dimers cannot be distinguished from nonspecific interactions that may be a result of aberrant protein folding or other nonspecific interactions.
To provide a more definitive analysis of TGB1 interactions, we used GST affinity chromatography to assess physical associations of the WT TGB1 protein and several site-specific helicase mutants that are known to inactivate cell-to-cell movement (21) . Proteins were expressed in yeast cells transformed with pBEVY plasmids that can be maintained under leucine selection for simultaneous and constitutive expression of approximately equimolar amounts of protein (28) . For these experiments, a GST-TGB1 fusion protein and a native or mutant TGB1 protein were coexpressed, and GST affinity chromatography was used to purify the proteins extracted from transformed yeast cells. In TGB1-TGB1 homologous-interaction tests, the native TGB1 protein was retained on and eluted from the affinity column when it was coexpressed with GST-TGB1, but as expected, the protein passed through the column when expressed with unfused GST (Fig. 4, lanes 1 and 2) or when it was expressed alone (data not shown). Similar binding results were obtained with the TGB1 substitution mutants that targeted the helicase R368 (M5 mutant, motif IV) and R464 (M7 mutant, motif VI) residues within the respective conserved motifs. However, the N-terminal M2 (K259A) or M3 (D339N, E340N) mutant helicase that contained residue substitutions within helicase motif I or II failed to participate in homologous binding ( Fig. 4C and D) . These results thus agree with those of Leshchiner et al. (23) and provide additional information demonstrating that conserved helicase motifs I and II are each required for homologous TGB1 interactions.
TGB1 interacts with TGB3 but not TGB2. To evaluate heterologous interactions of TGB1 with TGB2 or TGB3, the His-TGB2 and GST-TGB3 fusion proteins were constructed. In these experiments, TGB1 was retained on the glutathione affinity column by GST-TGB3 but failed to bind when coexpressed with GST (Fig. 4B, lanes 3 and 4) . In contrast, His-TGB2 was not recovered after affinity chromatography in the presence of GST-TGB1 (Fig. 4B, lane 6) . These results demonstrate heterologous TGB1-TGB3 binding and suggest that TGB1 and TGB2 do not engage in heterologous interactions.
TGB2 and TGB3 participate in heterologous binding. Affinity chromatography experiments were also carried out to investigate TGB2 and TGB3 binding. In these experiments, a TGB2 derivative containing an N-terminal His tag (His-TGB2) was recovered after coexpression with GST-TGB3 but not during expression with GST (Fig. 4, lanes 5 and 7) or when expressed alone (data not shown). However, yeast transformed with pBEVY vectors designed to express GST-TGB2, His-TGB3, and TGB3-His fusions failed to grow in tests to evaluate potential self-interactions of TGB2 and TGB3. Therefore, we were unable to test homologous pairings of TGB2 and TGB3 by affinity chromatography in the yeast expression system. In addition, pairing of AD-TGB2 and BD-TGB2 in the yeast two-hybrid system indicated that TGB2 does not participate in detectable homologous interactions in this system. Our affinity chromatography results thus provide evidence for specific heterologous TGB2-TGB3 interactions, but we were unable to identify homologous TGB2 or TGB3 interactions.
Additional yeast two-hybrid experiments verified the TGB2-TGB3 interactions identified by affinity chromatography of the GST fusion proteins. Yeast cotransformed with the AD-TGB3 and BD-TGB2 plasmids exhibited strong growth that was not observed in negative control experiments for these two plasmids (Table 2) . To define the amino acids contributing to the TGB2-TGB3 interactions, several mutants were constructed and evaluated more extensively (Fig. 5) . For this purpose, we engineered four BD-TGB2 fusions consisting of two TGB2 deletion mutants (TGB2 1-122 and TGB2 ) lacking the 9 or 41 C-terminal amino acids, respectively, and two derivatives (TGB2 1-90 and TGB2 ) with deletions in the 10 N-terminal residues or both the 10 and 41 C-terminal residues (Fig. 5) . Each of these derivatives supported yeast growth when paired with the AD-TGB3 fusion and hence was competent to interact with TGB3. These results indicated that the TGB2 region functioning in heterologous binding to TGB3 resides between amino acids 11 and 90 and that the predicted C-terminal cytosolic sequences downstream of the second membrane-spanning domain are dispensable for heterologous binding.
We also generated additional site-specific mutations that targeted residues 11 to 90 of the full-length TGB2 protein that are conserved among the BSMV, LRSV, and PSLV proteins (Fig. 5) . Among these substitutions, the TGB2 G40R,D41R mutant that introduces two basic substitutions into the central hydrophilic region of the protein failed to elicit yeast growth when paired with TGB3, but the TGB2 G49R,G50R mutant maintained its binding capability ( Table 2 ). The G40R and D41R mutations were then introduced separately into BD-TGB2. The aspartic acid mutant TGB2 D41R elicited yeast growth when paired with TGB3, but an arginine-for-glycine substitution (TGB2 G40R ) to increase the polarity and charge at residue 40 was unable to support yeast growth. These data suggest that the G40 residue that is predicted to reside within the ER lumen is essential for interactions with TGB3 (Fig. 5) . A mutagenesis strategy similar to that undertaken with TGB2 was used to identify regions of the AD-TGB3 protein required for interactions with TGB2. Among these derivatives, the TGB3 1-89 deletion mutant, in which the C-terminal 66 amino acids had been truncated, failed to interact with WT TGB2 (Table 2) . However, TGB3 , TGB3 , and TGB3 elicited yeast growth during interactions with WT TGB2. These results suggest that the region mediating TGB2 interactions resides between residues 89 and 150 of TGB3.
Five site-specific mutants containing altered amino acids that reside within the central cytoplasmic domain between the two hydrophobic membrane-spanning domains and that are conserved among the BSMV, LRSV, and PSLV TGB3 sequences were also tested in yeast two-hybrid interactions with TGB2 ( Crude extracts (C) were subjected to glutathione affinity chromatography (D) to determine whether the mutant helicases were competent to interact with GST-TGB1. Note that the crude extract panels represent ϳ12% of the total protein extracted from yeast and ϳ80% of the total protein extracted was applied to the GSH matrix. The eluate panels were loaded with ϳ30% of the protein eluting from the GSH matrix. Therefore, we estimate that ϳ50% of the protein applied to the GSH was bound to the column and recovered during elution. The boxed regions show extracts that were fractionated on different gels.
FIG. 5.
Deletions and site-specific mutations introduced into the TGB2 and TGB3 proteins to assess yeast two-hybrid interactions and infectivity of the mutant proteins. Arrows above the drawings denote deletion sites. Solid lines extending above or below the rectangles illustrate the locations of site-specific amino acid substitutions, and white boxes represent the membrane-spanning domains within the proteins. Table 2 ). The P105R and I108R substitutions were then introduced separately into the TGB3 sequence and tested for interactions with TGB2. The TGB3 P105R derivative was competent to interact with TGB2, but the TGB3 I108R mutant failed to elicit yeast growth, indicating that residue 108 within the cytoplasmic TGB3 domain is important for TGB2 interactions.
Mutations affecting interactions of TGB2 and TGB3 abrogate cell-to-cell movement.
To assess the effects of the TGB2 G40R,D41R and TGB3 P105R,I108R mutations on BSMV movement, we introduced these mutations into the RNA␤ cDNA clone and inoculated barley and C. amaranticolor with WT RNA␣ and -␥ and the RNA␤ transcripts containing the TGB2 or TGB3 mutant derivative. The WT transcripts elicited the characteristic mosaic and striping symptoms in barley (data not shown) and necrotic lesions in C. amaranticolor that are typically associated with BSMV infection (Fig. 6A ). In contrast, transcripts containing the derivative TGB2 G40R,D41R or TGB3 P105R,I108R failed to elicit discernible symptoms in either C. amaranticolor (Fig. 6A) or barley (data not shown) .
Transcripts of WT RNA␤ (RNA␤ wt ) or RNA␤ derivatives containing the site-specific TGB2 G40R,D41R and TGB3 P105R,I108R mutations were also inoculated into N. benthamiana leaves along with WT RNA␣ and RNA␥b-GFP to provide a visual marker to assess virus spread. When RNA␤ wt was used in inoculations, GFP fluorescence was observed at 12 dpi in foci measuring approximately 100 m in diameter, indicating that the virus was able to move from the initially infected cells (Fig. 6B) . In contrast, spreading fluorescent foci were not observed when either the TGB2 G40R,D41R or the TGB3 P105R,I108R mutant RNA␤ derivative was tested. These results verify the C. amaranticolor and barley infectivity experiments and demonstrate that the residues required for TGB2-TGB3 interactions are also critical for cell-tocell movement of BSMV (Fig. 6B) .
Elevated expression of TGB3 is detrimental to BSMV cellto-cell movement. TGB3 is expressed at levels approximately 10-fold lower than TGB2 during in vitro translation experiments and in protoplast reporter gene assays (41) . Our results showing that interactions of TGB2 and TGB3 affect virus movement raised questions about the extent to which the relative levels of expression of TGB2 and TGB3 affect cell-to-cell WT or RNA␤ transcripts containing the TGB2 G40R,P41R and TGB3 P105R,I108R mutations that disrupt TGB2 and TGB3 heterologous interactions. Photographs were taken at 12 dpi. Note that the small fluorescing spots in the ␥b-GFP panels represent fluorescence from single cells infected with inocula containing the TGB2 and TGB3 mutant proteins. movement. These questions were also reinforced by beet necrotic yellow vein virus (BNYVV) experiments, suggesting that TGB3 complements the cell-to-cell movement of TGB1 and TGB2 and that TGB3 also blocks the movement of WT BNYVV when expressed ectopically at high levels from a separate replicon (3) . In order to obtain a direct assessment of the effects of overexpression of TGB3 on WT BSMV infections, C. amaranticolor leaves were inoculated with infectious RNA␣, -␤, and -␥ transcripts (20 g) plus various amounts (0, 3, 6, or 9 g) of RNA␤ replicon transcripts. These replicons encode the CP and either the WT TGB3 sequence (␤ T3 ) under the control of the sgRNA␤1 promoter or a mutant (␤ T3mut ) TGB3 P105R,I108R sequence that is unable to function in cell-tocell movement (Fig. 7A) . Numerous necrotic lesions were elicited on leaves inoculated with RNA␣, -␤, and -␥ in the absence of ␤ T3 (Fig. 7B) . However, a dramatic reduction in the number of lesions occurred upon inoculation of mixtures containing 3 and 6 g of RNA␤ T3 transcripts, and addition of 9 g of RNA␤ T3 transcripts completely abolished lesion formation (Fig. 7C) . In contrast, similar numbers of lesions were observed in C. amaranticolor coinoculated with RNA␣, -␤, -␥ at all three concentrations of ␤ T3mut (Fig. 7D) . Mock-inoculated leaves and controls inoculated with 6 g of ␤ T3 or ␤ T3mut alone failed to develop lesions as expected (Fig. 7B, C, and D) . These results thus suggest strongly that appropriate levels of TGB3 expression are critical for BSMV movement and that the inhibitory effect requires TGB3-TGB2 binding interactions.
Both class I and class II TGB3 proteins are present in such low abundance that they are extremely difficult to detect in infected plants (9, 11, 29) . Therefore, to provide an indirect evaluation of the expression the WT virus and the ␤ T3 or ␤ T3mut TGB3 overexpression construct, total RNA was extracted from inoculated leaves, and RT-PCR was performed with two sets of primers. Together, these two primer pairs generated products from both the gRNA␤ and TGB3 overexpression replicons. The forward primer (CP5Ј) was the same in both reactions and spanned the five N-terminal codons in the CP-encoding gene. In the first reaction, the reverse primer (TGB3 3Ј) was complementary to the seven C-terminal codons within the TGB3 sequence. This primer set was designed to generate a 1.2-kb product with a size that is specific to the TGB3 overexpression constructs. Additionally, this primer set could amplify an approximately 2.7-kb fragment from RNA␤ wt but the PCR conditions were designed to have a short extension time to prevent the generation of the larger product. The second primer set paired the CP5Ј forward primer with a reverse primer (CP3Ј) in order to amplify the 0.6-kb CP product from ␤ T3 , ␤ T3mut , and RNA␤ wt and to serve as a BSMV infection control (Fig. 7B, D, and F) . In the WT BSMV positive control lacking the ␤ T3 overexpression derivative, the 0.6-kb CP product was observed but the 1.2-kb product was absent. Neither PCR product was amplified from the mock-inoculated negative control (Fig. 7B) . In plants inoculated with the TGB3 overexpression constructs, all of the leaves that developed necrotic lesions yielded RT-PCR fragments of the sizes expected for the CP alone (0.6 kb) and the CP-TGB3 derivative (1.2 kb) but products were not amplified from RNA extracted from leaves lacking lesions (Fig. 7C and D) . These results indicate that the CP-TGB3 overexpression derivatives only replicated in the presence of the BSMV gRNAs, and they provide additional evidence that high levels of the WT TGB3 protein are detrimental to BSMV infection.
Separation of TGB expression compromises cell-to-cell movement. We have previously shown that expression of the BSMV TGB proteins is highly coordinated and depends on both transcriptional and translational controls (41) . In WT BSMV, the TGB1 protein is translated from sgRNA␤1, which is relatively abundant, and the TGB2 and TGB3 proteins are expressed from low-abundance sgRNA␤2 (41) . Translation of TGB2 is initiated by ribosomal assembly at the first sgRNA␤2 ORF, whereas TGB3 translation results from leaky ribosomal scanning to the second ORF. We have previously shown that this expression strategy results in TGB1/TGB2/TGB3 ratios of approximately 100:10:1 in BSMV-infected tissue (11) and in protoplasts (41) .
In order to investigate the effects of the relative concentrations of the TGB proteins on cell-to-cell movement and the requirements for cis versus trans expression, we engineered genetic systems for BSMV in which overlapping TGB ORFs could be expressed individually from combinations of different gRNAs (Fig. 8A) . The ␤ T1ssmut derivative contains two sitespecific mutations that interfere with virus cell-to-cell movement (22) and subcellular targeting of TGB2 (H.-S. Lim et al., unpublished data) plus a premature stop codon that truncates the TGB3 ORF at amino acid 72. In a second derivative (␤ T1⌬2,3 ), the overlapping TGB2/3 ORFs were deleted completely (Fig. 8A) . Two constructs were also designed to permit cis expression of the TGB2 and -3 proteins. In the ␤ T2,3L construct, a deletion from the NcoI to the SalI site was engineered to eliminate the expression of TGB1 while maintaining the TGB2 and -3 ORFs under the control of the sgRNA␤2 promoter. The ␤ T2,3H derivative was constructed to obtain higher levels of expression of TGB2 and TGB3 in cis by deleting the TGB1 ORF and inserting the TGB2 and TGB3 genes at the NcoI site that normally overlaps the TGB1 start codon. This manipulation placed the TGB2 and -3 ORFs directly under the control of the strong sgRNA␤1 promoter (Fig.  8A) . To evaluate the expression of greater amounts of the TGB2 and -3 proteins in trans, separate ␤ T2 and ␤ T3 gRNA derivatives were constructed in which the TGB2 or TGB3 ORF was placed under the control of the sgRNA␤1 promoter.
When TGB2 and TGB3 were expressed in trans by inoculation of leaves with five component BSMV derivatives consisting of RNA␣ and -␥ plus gRNAs ␤ T1ssmut , ␤ T2 , and ␤ T3 or gRNAs ␤ T1⌬2,3 , ␤ T2 , and ␤ T3 , local lesions failed to appear on C. amaranticolor (Fig. 8B) , although some necrosis resulting from the inoculation procedure was observed. These results indicate that TGB proteins expressed individually from separate gRNAs were unable to function in cell-to-cell movement. However, with quadripartite inocula containing RNA␣ and -␥, plus the RNA␤ derivatives ␤ T1ssmut and ␤ T2,3L or ␤ T1ssmut and ␤ T2,3H , in which TGB2 and TGB3 are expressed in cis, leaves developed small lesions. In these leaves, the appearance of lesions was delayed by 5 or more days compared to those that received the inoculum containing RNA␤ WT (Fig. 8B) . Comparisons of the inoculated leaves also reveal that higher levels of TGB2 and -3 expression from the ␤ T2,3H derivative result in greater reductions in movement than the ␤ T2,3L derivative. By 12 dpi, lesions were larger in leaves inoculated with combinations containing ␤ T1ssmut and ␤ T2,3L than in leaves inoculated with the ␤ T1ssmut and ␤ T2,3H derivatives (Fig. 8B) . Furthermore, lesions were not evident upon coinoculation of ␤ T1⌬2, 3 and ␤ T2,3H , but when ␤ T1⌬2,3 was paired with ␤ T2,3L , the timing of lesion appearance was similar to that elicited by ␤ wt , although radial spread of the lesions was reduced substantially (Fig. 8B) . Total RNA was extracted from inoculated leaves at 10 dpi and subjected to Northern blot analysis. In these experiments, viral RNA was detected only in samples of leaves that were developing lesions (data not shown). These leaves included the ␤ wt positive control and the gRNA␤ combinations ␤ T1ssmut and ␤ T2,3L , ␤ T1ssmut and ␤ T2,3H , and ␤ T1⌬2,3 and ␤ T2,3L . Furthermore, the intensity of the signal amplification reflected the timing and severity of symptom development observed in the inoculated leaves, with the ␤ wt and ␤ T1⌬2,3 FIG. 8. Effects of cis and trans expression of the TGB2 and -3 proteins on infection. (A) RNA␤ constructs designed for cis and trans expression of TGB2 and -3. Open circles represent the 5Ј cap structures, and the internal poly(A) tract is designated at the 3Ј end. Note that the 3Ј 238-nt tRNA-like structure is not shown in these drawings. ␤ WT ϭ WT RNA␤. The sgRNA␤1 and sgRNA␤2 mRNAs are illustrated as solid lines below ␤ WT ; ␤T1 SSMUT ϭ RNA␤ containing substitutions for residues at positions 11 and 12 in TGB2 that result in the production of a nonfunctional protein and a mutation in the TGB3 ORF that introduces a premature stop codon to yield a protein truncated at residue 72; ␤ T1⌬2,3 ϭ RNA␤ with a 525-nt deletion of the TGB2/3 ORFs extending from the stop codon of TGB1 to the poly(A) tract; ␤ T2,3L ϭ RNA␤ with a deletion in the TGB1 ORF that maintains expression of the sgRNA␤2 under the control of the sgRNA␤2 promoter to facilitate low-level expression of the TGB2 and -3 proteins; ␤ T2,3H ϭ RNA␤ with a deletion of the TGB1 ORF that permits high-level cis expression of TGB2 and -3 under the control of the sgRNA␤1 promoter; ␤ T2 ϭ RNA␤ containing deletions of the TGB1 and the TGB3 ORFs to facilitate high-level expression of TGB2 under the control of the sgRNA␤1 promoter; ␤ T3 ϭ RNA␤ containing deletions of the TGB1 and TGB2 ORFs to facilitate high-level expression of TGB3 under the control of the sgRNA␤1 promoter. (B) Local lesion development in C. amaranticolor leaves inoculated with RNA␣ and -␥ plus ␤ WT or different combinations of the cis and trans TGB protein expression derivatives. Leaves were photographed at 4 and 12 dpi. (C) Fluorescence in N. benthamiana leaves at 12 dpi after inoculation with RNA␣ and RNA␥-GFP plus the RNA␤ derivatives designated below the leaves.
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To provide a more sensitive nonlesion assay to permit visualization of virus movement, N. benthamiana plants were coinoculated with the same combinations of RNA␤ derivatives described above plus a WT RNA␣ transcript and an RNA␥ derivative encoding a ␥b-GFP fusion protein (Fig. 8C ). Fluorescence of different combinations of the RNA␤ derivatives at 12 dpi demonstrated that the extent of virus spread varied substantially in inoculated leaves, depending on the promoter used for expression of TGB2 and TGB3 and the inoculum composition. Inocula containing RNA␤ wt elicited the largest infection foci (Ͼ100 m), whereas the ␤ T2,3H and ␤ T2,3L combinations expressing TGB2 and -3 in cis under the control of the sgRNA␤1 or sgRNA␤2 promoter, respectively, developed smaller foci (estimated to range from 25 to 75 m diameter). Moreover, fluorescent foci observed when inocula contained ␤ T2,3H , in which TGB2 and TGB3 are expressed under the control of the sgRNA␤1 promoter, were substantially smaller than those associated with ␤ T2,3L -inoculated leaves. When TGB2 and TGB3 were expressed in trans from ␤ T2 and ␤ T3 in combination with ␤ T1⌬2,3 , multicell foci did not appear; however, inocula containing ␤ T1ssmut , ␤ T2 , and ␤ T3 developed a few foci that appeared to be three to four cells in diameter. In contrast ␤ T1⌬2,3 , ␤ T2 , and ␤ T3 failed to elicit discernible fluorescent foci extending beyond single cells (Fig. 8C) . These results thus demonstrate that cis expression of the TGB2 and -3 proteins is required for effective cell-to-cell movement and show that elevated levels of TGB2 and -3 expression from the sgRNA␤1 promoter in the ␤ T2,3H mutant are less effective at facilitating movement than the lower levels of TGB2 and TGB3 expressed from the sgRNA␤2 promoter functioning in the ␤ T2,3L mutant.
In an additional series of experiments, barley plants were inoculated with the same inoculum combinations used for N. benthamiana. However, only virus containing RNA␣ and -␥ plus RNA␤ wt developed symptoms, and fluorescent foci were not detected (data not shown). These results are similar to those previously obtained by Lawrence and Jackson (22) and reiterate the limited usefulness of barley and other cereals as hosts for the assessment of BSMV cell-to-cell movement.
DISCUSSION
Several lines of genetic and biochemical evidence presented in this study indicate that the TGB proteins participate in complex interactions that are required for BSMV cell-to-cell movement. These include characterization of a TGB1 RNP complex that is apparently analogous to the RNP first identified by Brakke et al. (7) . In other experiments, we obtained evidence for homologous TGB1 interactions and heterologous binding of TGB1 to TGB3 and TGB2 to TGB3. Site-specific requirements for these interactions have been identified, and mutations that disrupt the interactions have been shown to interfere with the cell-to-cell movement of BSMV. We also have shown that the ratios of TGB protein expression and the contexts in which they are expressed have substantial effects on the rates of BSMV movement. In particular, elevated expression of the normally low-abundance TGB3 protein interferes with movement but overexpression of a site-specific TGB3 mutant that interferes with its ability to bind TGB2 fails to affect movement. These results extend previous studies and provide a model of BSMV movement that requires RNP complexes mediated by homologous interactions of TGB1 during viral RNA binding, direct associations of TGB1 and TGB3, and formation of TGB2 and TGB3 interactions to target the localization of the RNPs through PD into adjacent cells.
Our experiments show that the RNP recovered from BSMVinfected plants is a salt-stable complex composed of the TGB1 protein and gRNAs and sgRNAs expressed during infection. On the basis of previous genetic studies showing that TGB1 is required for cell-to-cell movement and that the CP is dispensable for infection (22, 30) , we propose that the RNP is the primary determinant for transport of BSMV RNAs during local and systemic virus invasion. Moreover, the heterogeneous sedimentation profile of the RNP suggests that plus-sense gRNAs and sgRNAs are the major components of the RNP and that TGB1 functions directly to bind the individual BSMV gRNAs and sgRNAs in planta. Because the BSMV TGB1 protein binds to dsRNAs in vitro, we hypothesized previously that dsRNA replication complexes might participate in cell-tocell movement (10) , but the absence of minus-strand RNAs in the RNP does not support this model and instead implicates plus-sense viral RNAs in local and systemic transport throughout the plant.
Physical interactions of the hordeivirus-and potexvirus-like TGB1 proteins are not well understood, but both classes of TGB1 proteins contain a conserved helicase domain related to the superfamily I helicases found in the replicase subunits of alpha viruses (29) . Among other activities, helicases within this class often function in protein-protein binding (14) , and a considerable body of evidence suggests that conserved residues within the helicase domain are critical for biological functions of the TGB1 proteins (29) . With BSMV, the strong cooperative activity observed in our earlier RNA binding experiments suggests that TGB1 participates in homologous interactions (10) , and recovery of the TGB1 RNP complex supports this notion. In addition, site-specific amino acid substitutions introduced into the six conserved helicase motifs of TGB1 abrogate BSMV cell-to-cell movement, interfere with several biochemical functions, and disrupt targeting of the TGB1 protein to the PD of infected cells (21) . Therefore, it is plausible that selfinteractions of TGB1 mediated by the helicase motif are required for some of these activities.
In order to investigate BSMV TGB1 binding in more detail, we conducted yeast two-hybrid and affinity chromatography assays to assess homologous and heterologous interactions. We were unable to detect BSMV TGB1 binding by using yeast two-hybrid analyses (Table 1) , but BSMV TGB1 interactions were revealed by the use of experimental approaches differing from those used previously with potato mop-top virus (PMTV), PSLV, and PVX (9, 23, 34) . We first obtained direct evidence for in vivo TGB1 binding by chemical cross-linking experiments. Although the cross-linking experiments do not distinguish homologous TGB1 binding from heterologous interactions with other viral and/or host components, a series of affinity chromatography experiments did verify homologous BSMV TGB1 binding. Moreover, mutagenesis of conserved amino acids within the full-length BSMV TGB1 protein extended the PSLV results by implicating amino acid residues 259, 339, and 340 within the two N-terminal helicase motifs as being critical for the TGB1 homologous interactions and demonstrated that substitution of conserved residues within two C-terminal motifs does not disrupt TGB1 interactions. We have also shown previously that incorporation of site-specific amino acid substitutions within each of the helicase motifs disrupts TGB1 localization to PD (21) , and more recently, we have determined the effects of these and other mutations on the sequestration of TGB1 at various subcellular sites (Lim et al., unpublished).
Direct evidence implicating homologous interactions of a hordeivirus-like TGB1 protein was first obtained for PMTV by use of yeast two-hybrid and immunoblot overlay assays (9) . More recent findings have also suggested that PVX and PSLV TGB1 proteins are capable of forming homologous associations (23) . In the latter experiments, the full-length PVX 25-kDA and PSLV 63-kDa TGB1 proteins produced by in vitro translation both migrated as single bands in SDS-polyacrylamide gels. In addition, truncation mutants containing N-terminal helicase motifs I, II, and III formed SDS-resistant forms migrated as dimers in polyacrylamide gels, but the motifs were not analyzed to evaluate the requirements for the interactions. Our results have extended this study, and we have identified amino acid residues in the first two motifs that are critical for the homologous interactions of the BSMV TGB1 protein. Additional support for homologous binding of PVX TGB1 has also been obtained very recently by use of yeast two-hybrid experiments (34) . In toto, these results suggest that TGB1 self-interactions are essential for the functional activities of both hordeivirus-and potexvirus-like TGB1 proteins.
A number of studies have suggested that TGB3 has a critical role in targeting hordeivirus-like TGB1 proteins to the PD or to peripheral vesicles around the cell wall (25, 29) . To explore the mechanisms whereby these activities might be carried out, we initiated a series of GST affinity chromatography experiments to detect heterologous interactions between the TGB1 and TGB3 proteins recovered from yeast. These experiments clearly revealed TGB1-TGB3 binding, and they differ from the negative findings obtained with PMTV (9) and PVX (34) . However, we were not able to detect TGB1 and TGB2 interactions by using either affinity chromatography or yeast twohybrid analyses, nor were we able to identify the homologous TGB2 and TGB3 interactions reported previously with PMTV (9). Nevertheless, our findings are compatible with the view that direct TGB1-TGB3 interactions function in the subcellular transport of TGB1 RNP complexes and in BSMV cell-tocell movement processes.
To obtain more information about TGB2-TGB3 interactions, we investigated GST affinity chromatography and yeast two-hybrid approaches. The yeast two-hybrid results permitted the construction of a series of site-specific amino acid substitutions within conserved regions of the hordeivirus TGB2 and TGB3 proteins. Among these mutants, a TGB2 G40R substitution in the hydrophilic region of the protein failed to interact with TGB3. Similar site-specific mutations that disrupt heterologous TGB2-TGB3 binding mapped to TGB3 I108R within the cytoplasmic domain. These results suggest that at least two amino acids that affect binding interactions reside outside of the hydrophobic transmembrane domains.
The biological context of the mutations that interfere with TGB2-TGB3 interactions was investigated by incorporating the mutations individually into RNA␤ and conducting infectivity experiments with N. benthamiana and C. amaranticolor. The results clearly showed that both mutations interfered with detectable cell-to-cell movement, thus providing evidence indicating that TGB2-TGB3 binding interactions are important for virus transport. Moreover, expression of TGB3 from a replicon designed for high-level expression revealed that elevated amounts of WT TGB3 interfered with cell-to-cell movement but that overexpression of TGB3 mutants that are unable to interact with TGB2 did not affect movement. These results thus demonstrate that competition effects arising from TGB3 overexpression can interfere with BSMV cell-to-cell movement and provide a model suggesting that TGB2-TGB3 proteinprotein interactions are required for these effects. This model clearly differs from the proposal of Lauber et al. (20) that inhibitory effects due to elevated expression of BNYVV TGB3 are an indirect consequence of changes in subcellular membrane architecture, rather than the result of altered TGB3 interactions.
We also investigated the cis and trans interactions of BSMV by expressing the TGB proteins from multiple RNA␤ derivatives. The results of these experiments demonstrate that the TGB can be separated to generate quadripartite virus derivatives with varied abilities to move from cell to cell in inoculated leaves. However, comparisons of different quadripartite derivatives with the WT tripartite virus clearly shows that the most efficient cell-to-cell movement in C. amaranticolor and N. benthamiana occurs with WT BSMV and that movement beyond a few cells depends on the expression of TGB2 and TGB3 from the same mRNA. In the quadripartite virus, when a modified gRNA␤ that cannot express TGB2 and -3 was coinoculated with a second gRNA␤ designed to express low levels of TGB2 and -3 from the sgRNA␤2 promoter, cell-to-cell movement was compromised but not eliminated completely. Moreover, with a different quadripartite virus designed for higher levels of expression of the TGB2 and TGB3 proteins under the control of the sgRNA␤1 promoter, cell-to-cell movement was compromised to a greater extent. Therefore, our collective results indicate that the context in which the TGB proteins are expressed has profound effects on movement.
In sum, the results of the present study are compatible with a model in which the TGB1 protein forms nucleoprotein complexes with BSMV gRNAs and sgRNAs. Detection of interactions between TGB1 and TGB3 suggests that TGB3 may interact with the TGB1 RNP complexes to help mediate PDl localization and cell-to-cell movement. Although we were unable to detect TGB3 in the complexes, it should be noted that TGB3 is present in extremely low abundance in infected cells. The interactions of TGB2 and TGB3 also support a requirement for direct TGB interactions during movement, as suggested in our previous studies (21, 22) . In addition, our results have direct implications for subcellular targeting of the hordeivirus-like TGB proteins, and our future research will focus on cytological analyses to evaluate their movement mechanisms in more detail. 
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